Hot And Cool: Bridging Gaps in Massive Star Evolution 
ASP Conference Series, Vol. xxx, 2009 

C. Leitherer, Ph. D. Bennett, P. W. Morris & J. Th. van Loon, eds. 



Seeking Core-Collapse Supernova Progenitors in 
Pre-Explosion Images 



Douglas C. Leonard 

Department of Astronomy, San Diego State University, San Diego, CA 
92182, USA 

Abstract. 

I summarize what we have learned about the nature of stars that ulti- 
mately explode as core-collapse supernovae from the examination of images taken 
prior to the explosion. By registering pre-supernova and post-supernova images, 
usually taken at high resolution using either space-based optical detectors, or 
ground-based infrared detectors equipped with laser guide star adaptive optics 
systems, nearly three dozen core-collapse supernovae have now had the prop- 
erties of their progenitor stars either directly measured or (more commonly) 
constrained by establishing upper limits on their luminosities. These studies 
enable direct comparison with stellar evolution models that, in turn, permit es- 
timates of the progenitor stars' physical characteristics to be made. I review 
progenitor characteristics (or constraints) inferred from this work for each of the 
major core-collapse supernova types (II-Plateau, II-Linear, lib, Iln, Ib/c), with 
a particular focus on the analytical techniques used and the processes through 
which conclusions have been drawn. Brief discussion of a few individual events 
is also provided, including SN 2005gl, a type Iln supernova that is shown to have 
had an extremely luminous - and thus very massive - progenitor that exploded 
shortly after a violent, luminous blue variable-like eruption phase, contrary to 
standard theoretical predictions. 



1. Introduction 

This review focuses specifically on what we have learned about the progenitors of 
core-collapse supernovae (CC SNe) by examining images of the supernova (SN) 
sites taken prior to the explosion. By registering pre-SN and post-SN images, 
usually taken at high resolution using either space-based optical detectors, or 
ground-based infrared detectors equipped with laser guide star adaptive optics 
systems (LGS-AO), about one dozen CC SN progenitors have now been directly 
detected (i.e., shown to be spatially coincident with the SN) in pre-SN images , 
with roughly two dozen upper limits derived from non- detections (|Smartdl2009h . 



This field has come a long way in the last decade, and promises to advance 
rapidly as more and more nearby galaxies - hosts of future CC SNe - have 
high-resolution images added to the archive. 

This review is organized as follows. Following a brief summary of SN classifi- 
cation and stellar evolution theory (§ 2), one example from each of the following 
three categories of progenitor studies is provided (§ 3; ordered from most-to- 
least common): (1) No progenitor star detected in pre-SN image(s); (2) Likely 
progenitor star identified via spatial coincidence in pre-SN and post-SN images; 
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(3) Progenitor star detected in pre-SN image(s) and subsequently confirmed by 
demonstrating its absence in images taken after the SN has faded beyond detec- 
tion. A summary of overall results to date for each SN type is then given (§ 4), 
followed by a brief discussion of outstanding questions and areas in which future 
progress is likely (§5). Note that discussion is limited to what the examination 
of images of SN sites taken prior to the explosion has taught us, and necessarily 
excludes (or relega tes to very brief commen t) such related investigations as SN 
environments (e.g., Van Dvk et al. 1999a.bl ; see als o the article by Elia s Rosa in 
this volume) and SN progenitor "forensics" (e.g., iModjaz et al. 120091 ; see also 
the article by Modjaz in this volume). Fo r a comprehen sive discussion of all 
such related areas, see the recent review bv lSmartt] (|2009f ). 



2. Background: SN Classification and Stellar Evolution 



It is t ypical to subdivide CC SNe into at least five major categories (see lFilippenkol 



19971 for a thorough review): II-Plateau (II-P; hydrogen in spectrum and plateau 



in optical light curve), II-Linear (II-L; hydrogen in spectrum, no plateau in 
optical light curve), Iln (hydrogen in spectrum and spectral and photometric 
evidence for interaction between SN ejecta and a dense circumstellar medium 
[CSM]), lib (hydrogen in spectrum initially, but transforms into a hydrogen- 
deficient spectrum at later times), and Ib/c (no evidence for hydrogen in spec- 
trum at any time), where the ordering is a roughly increasing one in terms of 
inferred degree of envelope stripping prior to explosion (i.e., II-P are the least 
stripped at the time of explosion, and Ib/c are the most stripped). 

While most of this review focuses on the observational advances that have 
been made, theoretical input is critical to translate observed progenitor lumi- 
nosity (or limits) into zero-age- main-sequence masses (Mzams) and stellar evo- 
lutionary states. Among the most complete (and accessiblqj) stellar evolution 
models at present are the metallicity-dependent models produced with the Cam- 
bridge stellar evolution code , STARS, the descendant of th e code developed 
originally by lEggleton ( 197ll) and updated most recently by lEldridge Tout 



(2004; see also Smartt et al.l 1200*91 . and references therein), since they follow 



stellar evolution up to the initiation of core neon burning, which is likely to 
give an accurate indication of the pre-SN luminosity. The Hertzsprung-Russell 
diagram (HRD) of the STARS evolutionary tracks are shown in Figure 1 for 
stars ranging in initial mass fr om 6 — > 100 Mp) . Comparison with other 
contemporary model grids (e.g.. lHeger Sz Langerll2000l ; iMevnet Maederl l2000) 



show that the endpoints for stars in th e 8 — > 15 rang e differ by at most 
0.2 dex in luminosity among the codes ( Smartt et al. 2004! ) . which gives some 



assurance that systematic uncertainties are not great, at least at the low-mass 
end for red supergiant (RSG) stars. Two areas of uncertainty in need of better 
quantification (or, at least, agreement within the community) include the effects 
that stellar rotation and mass-loss might have on the observable characteristics 
of stars prior to core collapse. 



lr The models can be downloaded from the code's Web site, at 



http://www.ast.cam.ac.uk/~stars 
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Figure 1. The HRD of the STARS evolutionary tracks, from lSmarttl ([2009). 
The location of RSG, Wolf-Rayet (W-R), and luminous blue variable (LBV) 
stars are indicated by shaded regions. Figure reprinted, with permission, 
from the Annual Review of Astronomy and Astrophysics, Volume 47 ©2009 
by Annual Reviews www.annualreviews.org. 



3. Seeking SN Progenitors in Pre-Explosion Images: Case Studies 

3.1. Case I: No Progenitor Detected in Pre-Explosion Images 

Not surprisingly, when no progenitor star is actually detected at the SN location 
in pre-SN images, only an upper limit to the progenitor's luminosity and, hence, 
mass, can be derived. To illustrate the analysis process in such a situation, I 
consider SN 2006my, an SN II-P that exploded in a galaxy ~ 20 Mpc away 
(nearly all SNe with progenitor studies are within ~ 30 Mpc, since source con- 
fusion becomes an inc reasing problem with distance). Details for this particular 
event are provided bv lLeonard et al.1 ( 20081 ); here I briefly outline the steps my 



colleagues and I took to derive an upper mass limit on its progenitor. 

The Hubble Space Telescope (HST) imaged the site of SN 2006my using the 
Wide-Field and Planetary Camera 2 (WFPC2) in 1994 (pre-SN) and again in 
2007 (shortly after explosion) . We registered the two images and pinpointed the 
SN location to better than 30 milli-arcsec in the pre-SN frame (Figure 2a, b). 
Such fine registration allowed us to rule out a nearby point source (source T 
in Figure 2a) as the progenitor star with greater than 96% confi dence. (Note 
that this source had been previously identified by iLi et ail ( 20071 ) as the likely 



progenitor based on registration with lower-resolution ground-based optical post- 
SN images.) We next set an /-band detection limit in the pre-SN frame by 
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placing artificial stars of progressively fainter magnitude at t he SN location 
and letting the photometry software (in this case, HSTphot, see lDolphinl l2000) 
attempt to detect them. The point at which the software no longer detected a 
point source then serves as the limiting upper magnitude for the progenitor star. 



SN 2006mv: Progenitor Not Detected 
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Figure 2. Site of SN 2006my in pre-SN image (a) and post-SN image (b), 
both taken with HST. Circles in (a) and (b) represent the approximate 5<r 
uncertainty of the position of SN 2006my when the pre-SN image is regis- 
tered with the HST image (smaller circles) and a ground-based image taken 
with LGS-AO (slightly larger circles). Source 1, labeled in pre-SN image (a), 
is a nearby source determined to not be coincident with SN 2006my at the 
96% confidence level. Panel (c) presents the initial mass vs. final predicted 
luminosity prior to explosion for Z = 0.01 stars (filled ci rcles) evolved with 
the STARS stellar evolution code (jEldridge fc Touti 12004). Dashed lines in- 
dicate the estimated systematic uncertainty in the stars' final luminosities, 
as described in the text (see § 2). The solid, horizontal line represents the 
3<T upper luminosity limit for a RSG that could have remained undetected 
by t he analysis of pre-SN images of the site of SN 2006my. Figure adapted 
from lLeonard et aT] (|2008[ ). and reproduced by kind permission of University 
of Chicago Press. 

To translate this single-filter detection limit into a luminosity, we assumed 
that the progenitor was a RSG (given other SN II-P progenitor detections this 
seems a reasonable assumption; see §3.2 and §4), and then determined the great- 
est bolometric magnitude it could have had while still remaining below our de- 
tection threshold. This is accomplished through: 



M bol = -n - Ay + / + (V - /) RSG + BCy , 

where u, is the distance modulus of the host galaxy (NGC 4651), Ay the extinc- 
tion to SN 2006my, / the /-band detection threshold, (V — -Orsg ^ e c °l° r range 
of RSG stars (i.e., spectral types K3 — > M4), and BCy the bolometric correc- 
tion corresponding to each (V — I)rsg- Upon adopting the most conservative 
values for each of the parameters (i.e., the ones that produce the least restrictive 
Mboi for the progenitor's upper luminosity limit), and allowing for a maximum 
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systematic uncertainty of 0.2 dex in the theoretical stellar model endpoints (see 
§ 2), the limiting bolometric magnitude above which any RSG would have been 
detected in our pre-SN image, -Mbob is derived. We then compared this with the 
final luminosity of stars with Mzams > 8 M & predicted by the STARS stellar 
evolution models (Figure 2c) to derive an upper bound on the progenitor mass 
of Mzams = 15 Mq. From this analysis, then, we conclude that any RSG pro- 
genitor with an initial mass greater than 15 M would have been detected using 
our analysis procedure. 

Analyses similar to that described here for SN 2006my h ave been carried 
out on each of 22 non-detections in pre-SN images (lSmarttll2009h . As we shall see 



(§ 4), it is the sheer number of such progenitor non-detections that permits rather 
strong conclusions to be drawn about CC SN progenitors from this category of 
progenitor studies. 

3.2. Case II: Putative Progenitor Detected in Pre-Explosion Images 

Next, we consider the individually more revealing situation where an object 
coincident with the transformed SN location is actually detected in th e pre-SN 
image(s), a situation that exists now for 11 CC SNe ( Smartt 2009). As an 



outstanding example of the analytic power provided by having multi-filter pre- 
SN images available (especi ally in the ne a r infr ared for RSG progenitors), we 
consider the recent work of iMattila et al.l (|2008l ) on SN 2008bk, a very nearby 



(~ 4 Mpc) SN II-P. In this case, pre-SN ground-based images in BVIJHK were 
registered with post-SN LGS-AO if -band images to yield solid progenitor star 
detections in IJHK, and upper luminosity limits in B and V. When compared 
with the known spectral energy distribution (SED) of RSG, a good match for 
the progenitor of SN 2008bk is found with a progenitor of spectral type M4I 
(Figure 3). From comparison with the STARS stellar evolutionary models an 
initial progenitor mass of 8.5 ± 1.0 Mq is derived for this SN. Similar studies on 
seven other detected SN II-P progenitors have found stars consistent with RSG 
in all cases, providing nice agreement between theory and observation. As we 
shall see in § 4, however, the range of masses inferred for these RSG progenitors 
is somewhat unexpected. 

3.3. Case III: Progenitor Detected and Confirmed 

Finally, we consider the most satisfying situation where images taken before, dur- 
ing, and long after the SN explosion exist that clearly show the progenitor star, 
the SN, and the absence of the progenitor star, respectively. Such a sequence 
provides nearly conclusive proof of the progenitor star's identity p Currently, 



such a time series ex ists for only two objects^ SN 1987A (e.g.. iGraves et al. 
120051 1 and SN 2005gl (|Gal-Yam et"aDl2007i : [Gal^Yam Leonardll200g| ). Because 



the case of SN 1987A is well-known, I present SN 2005gl as the example of 



2 Dust obscuration remains a difficult possibility to definitively exclude - e.g., if substantial dust 
is formed in the SN atmosphere and the putative progenitor star lies behind the SN along the 
1-o-s, the star could be obscured in post-SN images. 

3 "Only two objects" as of February 2009, when this review was written. SN 1993J and SN 
2003gd should now (August 2009) properly be added to the list of proposed p rogenitor stars 
confirmed to have disappeared in post-SN images; see Maund & Smartt (2009). 
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SN 2008bk: Progenitor Detected 
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Figure 3. Observed SED (open diamonds) of the detected progenitor for 
SN 2008bk compared with the reddened colors of an M4I supergiant (solid, 
broad line; Ay — 1 mag assumed) and an MOI supergiant (dotted line; Ay = 3 
mag assumed) . Since spectra of SN 2008bk reveal little evidence of significant 
reddening, the M4I supergiant progenitor is favored. The width of the M4I lin e 
indicates the range in observed colors of M4I stars, from lElias et al.l (|1985l) . 
Figure reproduced by kind permission of Blackwell Publishing Ltd. 



this situation; it also clearly demonstrates the investigative power provided by 
having a third obs ervation, long a f ter th e SN has dropped below detection. 

As shown by iGal-Yam et ail ( 20071 ). early spectra of SN 2005gl exhibited 
the classic features of a Type Iln event, showing narrow but resolved lines of 
hydrogen superposed on an intermediate-width component on an otherwise fea- 
tureless continuum. Analysis of the spectral features indicate ejecta interacting 
with a dense CSM, whose properties suggest that the progenitor star exploded 
shortly after an LBV-like mass-loss episode. Comparison of a pre-SN HST im- 
age with a post-SN image obtained from the ground using the LGS-AO at the 
Keck II telescope established a spatial coincidence between the SN and a very 



brigh t source possessing an estimated luminosity of over 10 6 Lq ( Gal- Yam et al 



2007; see Figures 4a and 4b). The only single stars known to possess such an 
extraordinary luminosity are very massive (^70 M ; see Figure 1), which con- 
ventional theory predi cts should explode only after the LBV phase has ended 
(jMaeder fc Contilll994! ). 

Initially, strong claims for the unexpectedly luminous progenitor /SN 2005gl 
association had to be tempered by consideration of the distance of SN 2005gl's 
host galaxy. At over 60 Mpc away, the ~ 0.1" resolution of the pre-SN HST 
image corresponds to ~ 30 pc, which raises suspicion that the object could 
be, e.g., an unresolved stellar cluster or association of several massive stars, 
with only part of th e light coming from the actual progenitor of SN 2005gl 
( Gal- Yam et al. 20071 ) . Additional observations, therefore, were clearly needed 



to settle the case, and two years later, an additional HST observation was made. 
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This observation demonstrates that the luminous source in the pre-SN image has, 
indeed, disappeared (Figure 4c), which implies that the progenitor of SN 2005gl 
was a single, extremely lum inous, star that exploded while in the LBV phase 
( Gal- Yam Sz Leonard! [20091 ) . Such a luminosity is indicative of having had an 
initial mas s of M%AMS >, 70 Mq, which likely left behind a stellar mass black 
hole (e.g., lOrosz et al. 20071 ). In addition to exploding during an unexpected 
evolutionary phase, the very fact that such a massive star is demonstrated to 
have exploded at all - as opposed to directly collapsing to a black hole with no 
SN explosion - is important, since the optical signature produced at the time of 
stellar collapse to a black hole i s, at present, virtually unconstrained by either 



observation or theory (see, e.g., iKochanek et al J 12008 . and references therein) 



SN 200 5ql: Confirming an Extremely Massive Progenitor Star 
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Figure 4. A demonstration that the progenitor star of SN 2005gl has 
vanished, using images taken before (a, progenitor star indicated with 
arrow), shortly after (b), and long after the SN explosion (c), from 
iGal-Yam fc Leona rd (2009). Figure reproduced by kind permission of Na- 
ture Publishing Group. 



4. Summary of Results to Date 

The three examples discussed in § 3 serve to illustrate how the science of seeking 
progenitors in pre-SN images is carried out, and what conclusions can typically 
be drawn. I now briefly summarize results to date arising from d irect progenito r 
searches in pre-SN images; for a more comprehensive review, see ISmarttl (|2009). 



Type II-Plateau: SNe II-P are by far the most well-defined category of 
CC SNe in terms of direct observational progenitor constraints, having had eight 
putative progenitor detections made and 12 upper luminosity limits established. 
All of the available evidence suggests that RSG are the immediate pro genitors 



of SN e II-P. By employing a uniform reduction and analysis procedure, ISmartt 



(2009) has produced the cumulative frequency distribution shown in Figure 5 



for SNe II-P, from which an intriguing result is immediately evident: All but 
one of the SNe II-P have initial masses constrained to be <^ 18 Mq, with the 
most massive detected progenitor of an SN II-P having a mass of only 16.5 Mq. 
This is surprising, since R SG up to 25 Mq are clearly observed in the Local 



Group ( Smartt et al.ll2009l . and references therein), and would have easily been 
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detected in the pre-SN image s. This lack of massive RSG progenitors for SNe 



II-P lead iSmartt et al.l ([2009) to speculate that these massive RSG progenitors 
may be forming black holes h eralded by faint, or non-existent, SN explosions 
(see also iKochanek et aill2008l ). 




Figure 5. Initial masse s of SNe II-P p rogenitor stars displayed as a cumula- 
tive frequency plot, from lSmarttl (|2009l ). Right-hand axis gives the number of 
SNe II-P known to have progenitors less massive than the given SN. Solid line 
is a Salpeter initial mass function (IMF; a = —2.35) with a minimum mass 
of 8.5 Mq and a maximum mass of 16.5 Mq, and represents the most likely 
fit to the data. Dashed line is a Salpeter IMF but with a maximum mass 
of 30 Mq, and is a poor fit to the data. Figure reprinted, with permission, 
from the Annual Review of Astronomy and Astrophysics, Volume 47 ©2009 
by Annual Reviews www.annualreviews.org. 



Type II-Linear: A rare type of CC SN, it is perhaps not surprising that 
only one SN II-L (SN 1980K) has a pre-SN ima ge, the analysis of which rules 
out massive RSG greater than about 18 Mq ( Thompson! I1982T). An a lysis o f 
the stellar population of the Type II-L SN 1979C bv IVan Dvk et all (|l999bl ) 
determines a mass range of 15 — 21 Mq for its progenitor. At this point, firm 
conclusions about the progenitors of SNe II-L can not be made, although early 
indications are that at least some do not arise from extremely massive stars. 

Type Iln: SN 2005gl, described earlier in this review (§ 3.3) as having 
a very massive (^ 70 Mq) progenitor that exploded while in the LBV phase, 
is the only example of an SN Iln for which a progenitor has been detected in 
pre-SN images. Whether such a massive progenitor is indicative of the class as 
a whole is not known. 

Type lib: Pre-SN images exist for two events. First, SN 1993J in M81, 
where extensive analyses of pre-SN and post-SN images (and spectra) lead to 
the conclusion that a 13 — 20 Mq star exploded in a binary system, w ith a 
slightly less massive secondary surviving the explosion ( Maund et al.l 12004 . and 
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references therein). Very recently, the Type lib SN 2008ax has provided a 
great opportunity to further investigate this rare c lass of CC SNe s ince p re-SN 
JJ5T/WFPC2 images exist in BVI. A study by ICrockett et aD §2008 ) finds 



a curiously flat SED for the progenitor star, which is impossible to reconcile 
with a single RSG, but may be consistent with an early-type W-R (WN class) 
progenitor, suggesting a progenitor star with a large (25 — 30 M ) initial mass. 

Type Ib/c: A well-studied class, with ten upper limits but no detections 
from analysis of pre-SN images. The lack of detections is surprising, since it 
is commonly thought that at least some of the progenitors of SNe Ib/c should 
be luminous, single W-R stars, in addition to others perhaps arising from lower 
mass stars in binary sy stems. While n one of the non-detections definitively rule 
out a W-R progenitor, ISmarttl ( 20091 ) demonstrates that it is quite unlikely at 



this point that all SNe Ib/c come from them. 

A summary of the current state of affairs of CC SN progenitor research via 
studies of pre-SN images is provided by Figure 6. 



Core-Collapse Supernova Progenitor Results 

Type ll-Plateau: Has H in spectrum, plateau in lightcurve 

> Consistent with progenitors in mass range 8 Mq— > 17 Mq 

> Where are the higher-mass RSG progenitors? 

Type ll-Lincar: Has H in spectrum, no plateau in lightcurve 

> From 2 studies, consistent with progenitor masses < 20 M 

Type lln: Has H in spectrum, evidence for CSM-interaction 

> From 1 example (SN 2005gl), possible LBV (very massive star) 
progenitor 

Type lib: H in spectrum initially, transforms to H-deficient 

> One probable -15 Mq K-type supergiant progenitor 
in binary (SN 1993J) 

> One possible high-mass (25-30 M. . J W-R progenitor (SN 2008ax) 

Type Ib/c: No H in spectrum 

> 1 non-detections to date 

> Unlikely to all come from W-R progenitors 



Figure 6. A concise summary of CC SN progenitor knowledge gained solely 
from investigations of pre-S N images (in the case of SNe IIL, the post-SN 
image environment study bv lVan Dvk et au (|1999bh is also incorporated). 



5. Future Directions 

The science of seeking SN progenitors has made tremendous strides in just the 
last ten years. For the future, I look with particular interest at the extremes 
as areas ripe for breakthrough discoveries, since it is there that many of our 
most fundamental questions lie. On the low-mass end, how will the lack of 
massive RSG progenitors for SNe II-P be resolved? Are we seeing the first 
glimpse of the mass cutoff for direct collapse to black holes? If so, then how will 
this be reconciled with the very massive stars (i.e., the other mass extreme) that 
apparently do explode as SNe lln or possibly lib? And finally, how does binarity 
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influence all of these conclusions? Clearly, we are just at the beginning stages 
of this exciting field of research, and great advances will no doubt be made in 
the coming decade. 
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